Analytical formulas are derived to compute the first-order effects produced by plane inhomogeneities on the point source seismic response of a fluid-filled stratified porous medium. The derivation is achieved by a perturbation analysis of the poro-elastic wave equations in the planewave domain using the Born approximation. This approach yields the Fréchet derivatives of the P − SV -and SH-wave responses in terms of the Green's functions of the unperturbed medium. The accuracy and stability of the derived operators are checked by comparing, in the time-distance domain, differential seismograms computed from these analytical expressions with complete solutions obtained by introducing discrete perturbations into the model properties. For vertical and horizontal point forces, it is found that the Fréchet derivative approach is remarkably accurate for small and localized perturbations of the medium properties which are consistent with the Born approximation requirements. Furthermore, the first-order formulation appears to be stable at all source-receiver offsets. The porosity, consolidation parameter, solid density and mineral shear modulus emerge as the most sensitive parameters in forward and inverse modeling problems. Finally, the Amplitude-Versus-Angle response of a thin layer shows strong coupling effects between several model parameters.
I. INTRODUCTION
The evaluation of the sensitivity of a seismic wave field to small perturbations of the material properties is a classical issue of seismology which arises in the solution of forward and inverse scattering problems (Aki and Richards, 1980; Tarantola, 1984) . Sensitivity operators are mainly useful for the optimal design of field or laboratory experiments, for the interpretation of time-lapse monitoring surveys, and for the development of imaging and linearized inversion techniques. In particular, sensitivity operators play a central role in least-square inversion schemes using gradient techniques. All these applications, especially the latter, call for fast and effective numerical computation methods of the sensitivity operators. Indeed, the most intuitive approach to compute the perturbational or differential seismograms in a structure described by N parameters is to use a finite perturbation scheme that demands N + 1 forward modeling computations. This approach rapidly becomes prohibitive as the number of parameters increases. The problem can be solved more elegantly by first deriving the so-called Fréchet derivatives of the seismic wave fields with respect to material properties. Although restricted to first-order effects only, this procedure makes it possible to efficiently predict small changes of the seismic response resulting from slight modifications of the material properties. Furthermore, this solution can be implemented by solving only one large forward problem.
One of the most significant contributions in this area is the work of Tarantola (1984) who applied a first-order perturbation analysis to the elastodynamic wave equation to derive a series of general formulas relating the scattered wave field to heterogeneities in an arbitrarily complex elastic medium. The same approach was subsequently used in a more restrictive sense for layered media in the plane-wave domain by Pan et al. (1988) in the acoustic case and by Dietrich and Kormendi (1990) in the P − SV case. The Fréchet derivatives obtained in these different cases are all expressed as combinations of the incident wave field generated by the seismic source at the scatterer location and the Green's functions between the scatterer and receiver locations. The structure of these expressions underlines the fact that the scattered waves due to perturbations in the material properties (usually density and acoustic or elastic parameters) can be interpreted as a wave field generated by a set of secondary body forces coincident with the heterogeneities, and determined by complex interactions between the incident waves and the medium perturbations. This structure is met with all problems of acoustic, seismic or electromagnetic wave propagation in weakly inhomogeneous media, and will also be found in more complex situations such as anisotropic or poro-elastic media.
The poro-elastic model, which is the subject of this paper, involves more parameters than the visco-elastic case, but on the other hand, the wave velocities, attenuation and dispersion characteristics are computed from the medium's intrinsic properties without having to resort to empirical relationships. Since the pioneering work of Biot (1956) , many authors (Auriault et al., 1985; Dutta and Odé, 1979; Johnson et al., 1994 , for example) have introduced improvements of the poro-elastodynamic equations, either by averaging or by integrating techniques. The Biot (1956) theory and its applications is still a field of active research, as demonstrated by the large number of current publications devoted to the subject (see, e.g., Trifunac, 2006) . The forward problem, i.e., the computation of synthetic seismograms in poro-elastic media has been solved in different configurations and with several techniques (Carcione, 1996; Dai et al., 1995; Garambois and Dietrich, 2002; Haartsen and Pride, 1997) .
However, the inverse problem has only been rarely addressed, and to our knowledge, it has never been without first estimating the wave velocities Chotiros, 2002; Spikes et al., 2006 ). Yet, inversion algorithms can provide useful information on the material properties, notably permeability and porosity which are the most important parameters to characterize porous media.
The main objective of this work is to extend the methodology used in the elastic case (Dietrich and Kormendi, 1990 ) to obtain the Fréchet derivatives for stratified poro-elastic media. We consider here a depth-dependent, fluid-saturated porous medium representing reservoir rocks or sedimentary layers. The computation of the point source seismic response of the layered structure is carried out by combining the Generalized Reflection and Transmission Matrix Method (Kennett, 1983) with the discrete wavenumber technique (Bouchon, 1981) . This combination was already implemented by Garambois and Dietrich (2002) for the numerical simulation of the coupled seismic and electromagnetic wave propagation in porous media by using the work of Pride (1994) . In the following sections, we first present the governing equations and constitutive parameters for porous materials before expressing the wave propagation equations for depth-dependent media. Next, we develop the analytical computation of the Fréchet derivatives in the frequency-ray parameter domain for the P − SV -and SH-wave cases. Finally, we check the accuracy of the sensitivity operators obtained in the time-distance domain, both in an infinite medium and in a complex seismic model. We conclude with the sensitivity of the seismic waveforms with respect to the different model parameters.
II. WAVE PROPAGATION IN STRATIFIED POROUS MEDIA

A. Governing equations
Assuming a e −iωt dependence, where t is time and ω the angular frequency, Pride (1994 Pride ( , 2005 ) rewrote Biot's (1956) equations of poroelasticity in the form
where u and w are the solid average displacement and the relative fluid-to-solid displacement, respectively. More precisely, defining u s and u f as the displacements of the solid and fluid phases of a porous continuum, we can write u ≃ u s and w = φ(u s − u f ), where φ is the porosity. P represents the interstitial pressure and τ is the 3×3 stress tensor. ρ denotes the density of the porous medium which is related to the fluid density ρ f , solid density ρ s and porosity φ via the relationship
The undrained bulk modulus K U is defined under the condition w = 0. G is the shear modulus of a drained or an undrained medium as it is independent of the fluid properties (Gassmann, 1951) . The fluid storage coefficient M represents the amount of fluid a sample can accumulate at constant sample volume. Biot's C modulus is a mechanical parameter describing the variation of the fluid pressure due to a change of the sample volume in an undrained medium. At low frequencies, these parameters as well as the Lamé parameter λ u defined below are real, frequency-independent and can be expressed in terms of the drained modulus K D , porosity φ, mineral modulus of the grains K s and fluid modulus K f (Gassmann, 1951) :
It is also possible to link the bulk properties K D and G to the porosity and constitutive mineral properties via empirical relationships derived from experimental results (Bemer et al., 2004; Pride, 2005) :
Equations (4) have the merit of being very simple and introduce only two additional parameters, namely, the shear modulus of the grains G s and the consolidation parameter c s . The latter mainly depends on the cementing properties of the grains, but also on the pore shape.
The value of the consolidation parameter c s is typically between 2 to 20 in a consolidated medium, and can be very much greater than 20 in an unconsolidated soil.
Finally, the wave attenuation is explained by Darcy's law which uses a complex, frequency-dependent dynamic permeability (Johnson et al., 1994) :
The dynamic permeability k(ω) tends toward the hydrogeological (dc) permeability k 0 at low frequencies where viscous losses are dominant. It includes a correction accounting for the inertial effects at higher frequencies. These two domains are separated by the relaxation
where η is the viscosity of the fluid. Archie's law ( F = φ −m ) expresses the electrical formation factor F in terms of the porosity φ and cementing exponent m whose value is between 1 to 2 depending on the pore topology. Parameter n J is considered constant and equal to 8 to simplify the equations. We refer the reader to the work of Pride (2005) for more information on the parameters used in this study.
B. Coupled second-order equations for plane waves
The horizontally layered model lends itself to a number of analytical developments if one performs a plane wave decomposition of the wave fields represented by equations (1). This procedure involves a series of changes of variables and integral transforms which are described in detail by Kennett (1983) in the elastic case. As in the elastic case, the introduction of new variables (Hudson, 1969) leads to a useful decomposition into P − SV -and SH-wave systems in cylindrical coordinates. By applying the whole sequence of transformations and arranging the terms, we find that the governing equations of the P − SV -wave system in depth-dependent poro-elastic media reduce to the following system of second-order equations in the angular frequency ω and ray parameter p domain:
In these equations, U = U(z R , ω; z S ) and V = V (z R , ω; z S ) respectively denote the vertical and radial components of the solid displacements. Similarly, W = W (z R , ω; z S ) and X = X(z R , ω; z S ) respectively denote the vertical and radial components of the relative fluid-to-solid displacements. Variables z R and z S stand for the receiver and seismic source depths. Equations (7) are valid in the presence of body forces
T defined by their vertical (z index) and radial (r index) components: force F 1 is applied on an average volume of porous medium and represents a stress discontinuity, while force F 2 is derived from the pressure gradient in the fluid.
We can then cast equations (7) in the form of a matrix differential equation as
L PSV is a differential operator given by
where the M PSV i , i = 1..4 are 4 × 4 matrices defined by
Apart from the dimensions of the matrices, we may note that equations (9) and (10) are very similar to the expressions obtained in the elastic case.
Formally, equation (8) admits an integral solution for the displacement fields in terms of the Green's functions of the problem. For example, the vertical displacement U at depth z R and frequency ω is given by
where G kl ij (z R , ω, z S ) is the Green's function corresponding to the displacement at depth z R of phase i (the values i = 1, 2 correspond to solid and relative fluid-to-solid motions, respectively) in direction j (z or r) generated by a harmonic point force
at depth z S in direction l (z or r). A total of 16 different Green's functions are needed to express the 4 displacements U, V , W and X in the P − SV -wave system (4 displacements × 4 forces).
The integrals of equation (11) are taken over the depths z' of a region M including the body forces F 1 and F 2 . In the case of a vertical point force at depth z S , the expressions of the forces become
where S 1 (ω) and S 2 (ω) are the Fourier transforms of the source time functions associated with forces F 1 and F 2 . Assuming that the amplitudes of both forces are similar ( F 1 ≃ F 2 ) (Garambois and Dietrich, 2002) , we take S(ω) = S 1 (ω) = S 2 (ω). The displacement fields for a vertical point force can then be written in simple forms with the Green's functions:
The displacement fields corresponding to a horizontal point force and to an explosive point source are similarly defined. Explosions would be represented by Green's functions G kE ij (i = 1, 2; j = z, r; k = 1, 2) representing the radiation of an explosive point source E.
The SH case is treated in exactly the same way as the P − SV case. The corresponding second-order differential equations of motion are
where T = T (z R , ω; z S ) and Y = Y (z R , ω; z S ) stand for the transverse solid and fluid-to-solid displacements; F 1t (z S , ω) and F 2t (z S , ω) are the transverse components of body forces F 1 and F 2 .
As before, we can rewrite equations (14) in matrix form as
Here, L SH is a linear operator defined as
where the M SH i , i = 1..4, are 2 × 2 matrices defined by
III. FRÉCHET DERIVATIVES OF THE PLANE WAVE REFLECTIVITY A. Statement of the problem
The Fréchet derivatives are usually introduced by considering the forward problem of the wave propagation, in which a set of synthetic seismograms d is computed for an earth model m using the non-linear relationship d = f(m). Tarantola (1984) uses a Taylor series expansion to relate a small perturbation δm in the model parameters to a small perturbation δf in the wave field
where D = ∂f / ∂m is the matrix of Fréchet derivatives.
Our aim is to compute the various Fréchet derivatives corresponding to slight modifications of the model parameters at a given depth. Considering for instance the density at depth z, this problem reduces, in the P − SV case, to finding analytical expressions for the
We can similarly define the Fréchet derivatives
.4, for model parameters ρ f ,ρ, C, M, λ U and G. This is the natural choice of parameters to carry out a perturbation analysis because of the linear dependence of these parameters with the wave equations. We also introduce the set of Fréchet derivativesÂ
and c s which we will use in a second stage, and which are more convenient to use as physical parameters of the problem. The sensitivity operators are derived by following the procedure presented in Dietrich and Kormendi (1990) for the elastic case.
B. Perturbation analysis
We first present, with some detail, the perturbation analysis for the P − SV case before addressing the simpler SH case. We consider small changes in the model parameters at a given depth z that result in small perturbations ∆Q PSV = [ δU, δV , δW , δX ] T of the seismic wave field and in a modified seismic response Q
The latter can be written as
by assuming that the magnitudes of the scattered waves ∆Q PSV are much smaller than those of the primary waves Q PSV . Considering for instance the first component of the above vector
we can write the scattered displacement δU as
With the model parametrization adopted (i.e., a linear dependence of the model parameters with the wave equation), the perturbation analysis can mainly be done in symbolic form.
Indeed, the wave operator L PSV in the perturbed medium can be written as
so that equation (8) becomes (Hudson and Heritage, 1981) ,
We then use the single scattering (or Born) approximation to solve the above equation for ∆Q PSV under the assumption (already used above) that ∆Q PSV ≪ Q PSV . Combining this approximation with equation (8), we obtain
This matrix equation shows that the scattered waves ∆Q PSV due to perturbations of the material properties can be interpreted as a wave field generated by secondary body forces ∆F PSV defined by the interaction of the incident waves with the heterogeneities (term ∆L PSV Q PSV ).
Moreover, this wave field propagates in the unperturbed medium represented by the wave operator L PSV . Consequently, equation (25) has for each of its components a solution similar to equation (11), by substituting ∆F PSV for F PSV and ∆Q PSV for Q PSV . Considering again the scattered displacement δU, we have
where the secondary Born sources δF 1z , δF 1r , δF 2z , δF 2r are obtained from equation (7):
By inserting these expressions into equation (26) and integrating by parts in order to separate the contributions in δρ, δρ f , δρ, δC, δM, δλ U and δG, we obtain an integral representation of the scattered wave field δU that we can directly identify with equation (22) 
Here, U = U(z, ω; z S ), V = V (z, ω; z S ), W = W (z, ω; z S ) and X = X(z, ω; z S ) denote the incident wave fields at the model perturbations. These wave fields can be expressed in terms of Green's functions using equations (13) Lamé parameters λ and µ in the elastic case (Dietrich and Kormendi, 1990 ).
C. Fréchet derivatives for relevant parameters
As mentioned above, the set of 7 parameters (ρ, ρ f ,ρ, C, M, λ U and G) used in the perturbation analysis was primarily chosen to considerably simplify the derivation of expressions (28). In practice, and as with the Lamé parameters in the elastic case, it is more convenient to consider model parameters which are easier to measure or estimate. We introduce here a new set of 8 parameters, namely ρ s , ρ f , k 0 , φ, K f , K s , G s and c s which are more naturally related to the solid and fluid phases. Furthermore, these parameters are independent from each other in terms of their mechanical or hydrological meaning. They are all real and frequency independent, contrary toρ. Fluid viscosity is not considered here as the Fréchet derivatives with respect to the fluid viscosity and to the permeability are strictly proportional. We concentrate on the permeability by stressing that the comments made for the permeability will also be valid for the fluid viscosity.
To obtain the Fréchet derivatives corresponding to the new set of parameters from
expressions (28), we construct the 8 × 7 Jacobian matrix J whose coefficients are formally defined by
where p i , i = 1..7, stands for one of the parameters ρ, ρ f ,ρ, C, M, λ U or G, and where
The elements of matrix J are determined from equations (2) to (6).
The Fréchet derivatives with respect to the new set of parameters for the vertical component of the solid displacement U are then defined by
The combinations involved in equation (30) significantly complicate the expressions of the Fréchet derivatives corresponding to the new set of parameters. For sake of clarity and simplification, we introduce the following quantities
With these parameters, the final expressions of the Fréchet derivativesÂ
G s and c s arê
We note that the Fréchet derivativesB
with respect to fluid density ρ f and permeability k 0 are complex due to the role of these parameters in the attenuation and dispersion of seismic waves.
In addition, formulas (32) can be further simplified if source and receivers are located at the same depth z 0 = z R = z S . In this case, we can take advantage of the representation of the incident wave fields U, V , W and X in terms of the Green's functions (see equations 13), and use the reciprocity theorem:
The number of Green's functions required to describe the wave propagation then reduces from 32 to 16. These simplifications are straightforward and are not developed here.
D. SH case
We follow the same procedure as above to derive the Fréchet derivatives of the solid displacement T and relative fluid-to-solid displacement Y in the SH case. We denote by
and G SH i , respectively, the Fréchet derivatives with respect to model parameters ρ, ρ f ,ρ, M, K U , G and C, where subscript i = 1 refers to the solid displacement T and subscript i = 2 refers to the relative fluid-to-solid displacement Y . We also introduce the notationsÂ
for the Fréchet derivatives relative to our alternative set of model parameters ρ s , ρ f , k 0 , φ, K s , K f , G s and c s . The perturbation analysis leads to the following expressions of the Fréchet derivatives of the transverse solid displacement T :
We note, as before, that the displacements T and Y can be expressed in terms of the Green's functions G jt it , where subscripts i = 1 and j = 1 relate to solid displacement and force, whereas subscripts i = 2 and j = 2 relate to relative fluid-to-solid displacement and force. Subscript t stands for the tangential displacement or force. The transformation of these expressions with the Jacobian matrix J defined in equation (29) finally yields:
We note that the Fréchet derivatives with respect to K s and K f are zero since these parameters have no influence on shear waves.
IV. NUMERICAL SIMULATIONS AND ACCURACY TESTS A. Fréchet derivatives vs discrete perturbations
As mentioned in the introduction, the Green's functions for layered media are computed with the Generalized Reflection and Transmission Matrix Method of Kennett and Kerry (1979) which yields the plane-wave response in the frequency-ray parameter (or horizontal wavenumber) domain. In our numerical applications, the Fréchet derivatives are first calculated in the frequency-wavenumber domain before being transformed into the time-distance domain with the discrete wavenumber integration method (Bouchon, 1981) .
In order to test our analytical formulations and assess their limitations, we compare the differential seismograms computed with the first-order Fréchet derivative approach with Thus, considering for instance the vertical component of the solid displacement in the P −SV case, the partial derivative ∂U/∂p j with respect to parameter p j (j = 1..8, according to the parameter set considered) can be approximated by the following finite difference expression:
where ∆p j represents a small perturbation of parameter p j .
The similarity between the seismograms computed with the two approaches indicated in the left-and right-hand sides of equation (36) is evaluated from the correlation coefficients between the traces.
B. Uniform medium
We first consider the simple case of small perturbations δρ s , δρ f , δk 0 , δφ, δK s , δK f , δG s and δc s within a thin slab embedded in an infinite uniform medium. The slab thickness is of the order of one twentieth of the dominant wavelength of the P -waves (i.e., 1 m). The amplitude of the relative perturbations ∆p j /p j is 10 % for each of the parameters considered.
Source and receivers are located at the same depth, 50 m above the model perturbation. The parameters of the uniform model are listed in table 1. The seismic response of the thin slab is considered as the reference for the comparisons with the Fréchet derivative seismograms.
The simulations shown in figure 1 include P f ast -, P slow -and S-waves whose computed velocities are respectively equal to 2250, 130 and 750 m/s at a frequency of 85 Hz. The slow P -waves are not visible, but three reflected waves (compressional P P , converted P S and SP , and shear SS) are easily identified in the four sections displayed in figure 1 . It is seen that a small perturbation of the fluid modulus K f has no influence on shear waves. The same behavior is observed for the solid modulus K s (not shown). On the contrary, slight changes in the other parameters mainly generate SS reflections, as noted in particular for the porosity φ, mineral shear modulus G s and permeability k 0 in figure 1. We also observed that the differential seismograms are very similar for the following pairs of perturbations: i) consolidation parameter and porosity; ii) fluid and solid moduli; iii) fluid and solid densities.
In addition, we found that the correlation coefficients between the Fréchet derivative and discrete perturbation seismograms are greater than 99 % for most model parameters at all source-receiver offsets. The only exception concerns the Fréchet derivative with respect to the permeability which shows correlation coefficients between 60 and 95 % in the P − SV case, depending on the source-receiver offset. However, this operator appears more accurate in the SH case. By and large, the tests performed in a uniform medium validate our analytical expressions derived in sections III.C and III.D.
We further check the accuracy and stability of the first-order sensitivity operators by modifying the amplitude of the discrete perturbations, with the following results: i) the Fréchet derivatives with respect to parameters that only influence P -waves are more accurate than the Fréchet derivatives with respect to parameters that influence both P -and Swaves. ii) Strong perturbations of the solid and fluid moduli K s and K f do not produce any distortion of the waveforms, but merely result in a global increase of the amplitudes of the discrete perturbation seismograms. iii) For strong amplitude perturbations, the Fréchet derivatives are more stable at near offsets (i.e., for small angles of incidence) than at large offsets. We interpret this observation as being due to the nonlinearity inherent to large offsets where the wave fields interact more strongly with the subsurface structure. However, as an exception to this rule, the Fréchet derivatives with respect to permeability appear more stable at large source-receiver offsets. This may be explained by the fact that a perturbation of the permeability mainly influences the wave attenuation and dispersion and therefore has a stronger effect for longer travel paths. The deterioration of the seismograms correlation with decreasing k 0 (and corresponding decrease in wave attenuation), is another indication of the weak influence of the permeability on the seismograms. iv) For strong perturbations, the accuracy of the Fréchet derivatives deteriorates for specific offsets corresponding to critical angles. This reduced accuracy manifests itself by modifications of the relative amplitudes of P − and S−waves rather than by waveform changes. v) When checked against discrete perturbations of positive and negative amplitude of the same magnitude, the first-order approximations do not show exactly the same accuracy. In general, the Fréchet derivative seismograms obtained for positive perturbations display a better accuracy. vi) As a general rule, the first-order approximations appear remarkably accurate for amplitude perturbations up to 20 % in absolute value.
We now consider the robustness of the Fréchet derivative seismograms with respect to FIG. 1. Seismic sections corresponding to the first-order perturbation of the vertical displacement with respect to porosity φ, fluid modulus K f , mineral shear modulus G s and permeability k 0 in the uniform and infinite medium described in table 1. The seismic excitation is a vertical point force.
the thickness of the perturbed layer. In our uniform model, the wavelengths λ P and λ S corresponding to P -and S-waves are respectively equal to 26 m and 9 m at the dominant frequency of the Ricker wavelet used in the simulation. Our computations show that the Fréchet derivative seismograms are very well correlated with the discrete perturbation seismograms until the thickness of the perturbed layer reaches about 20% of the dominant wavelength λ P (that is, ≃ 5 m) for parameters K s and K f , and 20% of the dominant wavelength λ S (that is, ≃ 2 m) for all other parameters that influence both P -and S-waves. Thus, we observe that the Fréchet derivatives with respect to K s and K f are more robust than the other expressions with respect to departures from the "small and localized perturbation" assumption of the Born approximation.
C. Complex model
We used the 16-layer model shown in figure 2 to numerically check the stability and accuracy of the Fréchet derivative formulas in a more complex structure. In this model, the perturbed layer is at a depth of 50 m, source and receivers being located near the surface. Figure 3 presents the seismic sections obtained with the Fréchet derivative and discrete perturbation methods for slight changes of the solid density ρ s and permeability k 0 . On the whole, the comparison of the waveforms obtained with both methods is very satisfactory in spite of some differences observed at small offsets for the perturbation of the permeability. Figure 4 shows that the Fréchet derivative seismograms are remarkably accurate as long as the perturbation amplitude remains small. In this case, the maximum acceptable perturbation amplitude is approximatively 10 % of the model parameter value. When the perturbation amplitude is increased beyond this limit, the P −waveforms remain practically unchanged whereas the S−waveforms are distorted. In all cases, no variations in travel times are observed.
We also checked the behavior of the Fréchet derivative operators relative to the thickness of the perturbation layer, or equivalently, relative to the central frequency of the wavelet used in the computations. As for the uniform medium investigated before, we note that the first-order approximations remain very accurate as long as the layer thickness layer is lower than λ P /5 or λ S /5 depending on the model parameter considered. on the solid modulus, and vice-versa for a medium with low porosity. As a consequence (and confirmation of field observations), the P -waves are strongly influenced by the fluid properties when they propagate in a fluid-saturated and poorly consolidated medium with high porosity. This makes it possible to determine the fluid characteristics from the seismic waveforms if these favorable conditions are met. Conversely, the estimation of the fluid characteristics will be more difficult in consolidated or unsaturated or low porosity media.
Another consequence of the results shown in figures 5 and 6 is that φ and c s are the most attractive parameters to invert for in an inversion procedure, assuming that ρ s and G s can be estimated independently. 
and cs, as a function of incidence angle. The eight upper panels and eight lower panels respectively correspond to P P and SS reflections. The curves are normalized with respect to the maximum value indicated above each panel.
result in similar modifications of the seismic response. An obvious consequence of parameter coupling is that it becomes difficult or even impossible to reliably estimate the model parameters in an inversion procedure (Tarantola, 1986) .
To look into this problem, we computed the plane wave responses corresponding to 10% perturbations of the model properties in the infinite medium described in table 1. Figure 7 shows the reflected energy for the eight model parameters as a function of angle of incidence at the perturbed layer, both for the P P and SS reflections. The smooth aspect of the curves is due to the intrinsic attenuation of the seismic waves propagating in the porous medium.
The peaks and troughs of the curves are explained by the strong variations of the reflection and transmission coefficients, as shown for instance by de la Cruz et al. (1992) . Some of these rapid variations are seen on the seismograms of figure 1 which were computed with the same model and source-receiver configuration.
The magnitudes of the seismic responses shown in figure 7 are consistent with the study presented in section V.A. SS reflections are about twice as large as P P reflections for perturbations of the solid and fluid densities. For SS reflections, the maximum value is reached for a perturbation in porosity φ, whereas G s , c s and ρ s produce perturbations of the same magnitude. For P P reflections, the most influential parameters are the solid density ρ s and porosity φ.
We also see in figure 7 that the radiation patterns associated with perturbations in ρ s , ρ f and k 0 on the one hand, and K s and K f on the other hand are exactly the same for the P P reflections. The same resemblance is observed for the SS reflections for the ρ s , ρ f and k 0 group of parameters, and for the G s , φ and c s group of parameters. We note in particular that permeability k 0 and densities ρ s and ρ f behave similarly despite their different roles in the constitutive equations. In all cases, the backscattered energy is maximum at normal incidence because of the shorter wave path and corresponding minimal attenuation.
VI. CONCLUSIONS
We derived the Fréchet derivatives of the seismic response of a depth-dependent porous medium. The Fréchet derivatives are analytically expressed in terms of the Green's functions of the propagation medium through a perturbation analysis of the poro-elastic wave equations expressed in the plane wave domain. Started with a primary set of seven model parameters chosen because of their linear relationship with the wave equations, the derivation was carried on with a secondary set of eight model parameters more convenient to use as physical parameters of the problem. The eight model parameters considered in our analysis are related to the fluid properties (density, bulk modulus), to the mineral properties (density, bulk modulus, shear modulus) and to the arrangement of the porous material (porosity, permeability and consolidation parameter). In the P − SV case, we derived Fréchet derivatives for 3 different sources (horizontal and vertical point forces and explosive point source), 4 displacement components and 8 model parameters. In the SH case, we obtained 12 expressions for 1 horizontal point force, 2 displacement components and 6 model parameters leading to non-zero Fréchet derivatives.
We checked the accuracy of these sensitivity operators in the time-distance domain by comparing the waveforms computed from the first-order expressions with seismograms obtained by introducing discrete perturbations in the medium properties. The numerical tests were carried out both in a homogeneous and in a more complex earth model excited by oriented point forces. By and large, we found that our analytical expressions of the Fréchet derivatives are remarkably accurate as long as the Born approximation assumptions are satisfied, that is, as long as the perturbations of the model parameters are weak and localized. However, as in other studies relying on the Born approximation, we showed that the first-order operators are robust enough to model parameter perturbations up to 20 % and layer thicknesses up to one fifth of the dominant wavelength. Furthermore, our formulation appears to be stable at all source-receiver offsets.
Due to their analytical formulation, the sensitivity operators derived in this paper will be es-pecially useful in full waveform inversion algorithms implemented with gradients techniques.
As a first step toward such an application, we evaluated the sensitivity of the seismic response of a poro-elastic medium with respect to each model parameter. We showed that the porosity and consolidation parameter are the most attractive parameters to invert for,
whereas the permeability appears to be the most difficult parameter to determine. The wave fields are more sensitive to the fluid bulk modulus than to the mineral bulk modulus, or inversely, according to porosity and consolidation parameter values. A multi-parameter inversion of backscattered energy looks challenging because of the strong coupling of several model parameters in a wide range of angles of incidence. Finally, this sensitivity study should prove useful for the interpretation of time-lapse monitoring surveys and for checking
solutions (yet to come) accounting for 3D heterogeneities in the propagation medium.
